Source Energy and Emission Factors for Energy Use in Buildings Errata
The June 2006 version of NREL/TP-550-38617 contained errors in the emissions data that have been corrected with this revised version of the report. The wrong numbers were displayed for the emission factors for mercury, PM10, and solid waste. In addition to correcting the errors, revised calculation methods were used and subbituminous coal was treated separately from bituminous coal. In addition, the emissions for CO 2 , SO 2 , NO X , and mercury from fossil fuels was adjusted to align with data from the EIA Electric Power Annual 2006 and EPA eGRID 2006. Finally, ozone season NO X emission factors by state are included at the end of the document.
The following specific changes were made to the document:
1. The emission factor name "Equivalent carbon dioxide (CO 2e )" replaces "global warming potential (GWP)." GWP is an index comparing the radiative properties of a compound to that of CO 2 . 2. The following tables were updated with revised energy and emission factors: 1 to 4, 6 to 11, B-1 to B-11. 3. Figure 1 was replaced with the new figure from NERC with the new subregions. 4. Figure 2 was replaced with a graph of the revised data. 5. Table B-12 was added. 6. Two references were added with life cycle analysis data on the construction and operation of coal and natural gas fired power plants.
Foreword
People measure and analyze the energy performance of buildings for many reasons. Comparisons of energy use may be made between nations, regions, individual buildings, or systems within a building. Policy makers, owners, designers, operators, raters, and researchers use energy performance data. Many tools (or approaches) have been developed to analyze energy performance in different ways, at different levels of effort and precision, and at different stages in the life of a building. Each tool quantifies the building energy performance to fit the users' needs. However, methods and metrics are often inconsistent with each other. In addition, performance numbers may be misrepresented or misused to predict energy savings beyond the accuracy of the numbers.
The Performance Metrics Project is a U.S. Department of Energy commercial buildings research activity whose goal is to standardize the measurement and characterization of building energy performance. Its main products are clearly defined energy performance metrics and standard procedures for determining the performance metrics; its intents are to define common language and to create standards that produce consistent results independently of the user. Therefore, the terms and techniques are clearly defined with little room for interpretation. The more opportunity there is for interpretation, the higher the probability for disparity and "gaming" of the results. These procedures focus on reporting absolute numbers and not on comparisons of energy performance. Benchmarks are included only where well-established values apply. However, benchmarking of results by others can be improved by using the clearly defined absolute metrics determined by these procedures.
This document supports the other measurement procedures and all building energy-monitoring projects by providing methods to calculate the source energy and emissions from the energy measured at the building. Energy and emission factors typically account for the conversion inefficiencies at the power plant and the transmission and distribution losses from the power plant to the building. The energy and emission factors provided here also include the precombustion effects, which are the energy and emissions associated with extracting, processing, and delivering the primary fuels to the point of conversion in the electrical power plants or directly in the buildings. Source energy factors for electricity are provided for the total fossil fuel, total nonrenewable energy, and total energy. The breakdown of the energy used to generate electricity is provided on the national level, interconnection level, and state level.
v
Section 1 -Purpose
This procedure provides source energy factors and emission factors to calculate the source (primary) energy and emissions from a building's annual site energy consumption.
Section 2 -Scope

-Overview
Source energy consumption and emissions from energy use must be calculated to determine the environmental impact of buildings; however, these calculations are often not completed and are usually not done in a consistent manner. Most analyses use the energy measured at the site, which is useful for understanding the performance of the building and the building systems, but it is not a good indicator of the environmental impacts from resource consumption and emissions associated with energy use. Site energy is also not a good metric for comparing buildings that use different energy types, buildings with on-site energy generation such as photovoltaics (PV), or buildings with cogeneration systems.
-What This Report Does
This report provides the energy and emission factors to calculate the source energy and emissions for electricity and fuels delivered to a facility and combustion of fuels at a facility. The factors for electricity are broken down by fuel type and presented for the continental United States, three grid interconnections, and each state. The electricity fuel and emission factors are adjusted for the electricity and the useful thermal output generated by combined heat and power (CHP) plants larger than one megawatt. The energy and emissions from extracting, processing, and transporting the fuels, also known as the precombustion effects, are included.
-What This Report Does Not Do
This report does not provide hourly or seasonal source energy factors. Time of use effects for electricity can be significant, but the data for such an analysis are difficult to obtain on a national basis and are beyond the scope of this report. The emissions from and the energy used for construction and decommissioning the power plants, hydroelectric dams, and energy infrastructure are not included. The energy and climate change emissions from these phases form a small fraction of the energy and emissions produced over the life of the facilities (Spath et al. 1999; Spath and Mann 2000) . The energy associated with storage and disposal of spent nuclear waste is not included because reliable data are not available. This information should be analyzed when it becomes available to determine whether it is significant.
Section 3 -Definitions, Abbreviations, and Acronyms
-Definitions
Annual A period that consists of 12 consecutive months.
Criteria Pollutants The U.S. Environmental Protection Agency (EPA) has set national air quality standards for six principal air pollutants (also referred to as criteria pollutants): nitrogen dioxide (NO 2 ), ozone, sulfur dioxide (SO 2 ), particulate matter (PM), carbon monoxide (CO), and lead. Four of these pollutants (CO, lead, NO 2 , and SO 2 ) result primarily from direct emissions from a variety of sources. PM results from direct emissions, but is also commonly formed when emissions of nitrogen oxides (NO x ), sulfur oxides (SO x ), ammonia, organic compounds, and other gases react in the atmosphere. Ozone is 1 not directly emitted, but is formed when NO x and volatile organic compounds react in the presence of sunlight (EPA 2005a).
Emission Factor
The mass of a pollutant emitted to the environment per unit of energy or fuel associated with the production, distribution, and use of the energy or fuel.
Facility A set of one or more buildings or outdoor applications, or both, that is defined for the purpose of an energy analysis. The boundary of the facility used in the energy analysis should be clearly defined. Global Warming Potential (GWP) GWP is an index that describes the radiative characteristics of well-mixed greenhouse gases. It represents the combined effect of the times these gases remain in the atmosphere and their relative effectiveness in absorbing outgoing infrared radiation. This index approximates the time-integrated warming effect of a unit mass of a given greenhouse gas in today's atmosphere, relative to that of carbon dioxide (CO 2 ). GWP is an index for estimating the relative global warming contribution of atmospheric emissions of 1 kg of a particular greenhouse gas compared to emissions of 1 kg of CO 2 . This document uses the following GWPs based on a 100-year time horizon: 1 for CO 2 , 23 for methane (CH 4 ), and 296 for nitrous oxide (N 2 O) (IPCC 2001) . The equivalent CO 2 emissions are calculated with the GWPs.
Fuel
Measure
To determine a quantity with a calibrated instrument. This includes using previously measured data such as those shown on a utility bill or engineering log.
Metric
A standard definition of a measurable quantity.
Particulate Matter PM10 and PM2.5 Particulates can be directly introduced to the atmosphere from transportation vehicles, combustion, farming, and dirt roads. Particulates can also be formed in the atmosphere from chemical reactions of sunlight with emissions of NO x , SO x , ammonia, organic compounds, and other gases. PM10 is measure of particles in the atmosphere with a diameter of 10 micrometers or smaller. PM2.5 is a measure of particles 2.5 micrometers and smaller in the air and are sometimes called fine particles. PM2.5 have been associated with significant respiratory and cardiovascular health risks; however, consistent and reliable data for emission factors are not available. EPA maintains separate National Ambient Air Quality Standards for PM10 and PM2.5 because they have different monitoring and implementation plans (EPA 2005a) .
Performance Metric A standard definition of a measurable quantity that indicates some aspect of performance. Section 4 contains definitions of the specific performance metrics used in this procedure.
Power Control Area (PCA) A PCA is a portion of an integrated power grid for which a single dispatcher has operational control of all electric generators. There are 112 PCAs reported in eGRID2006 (EPA 2007) .
Precombustion Effects
The source energy used for and the emissions resulting from extracting, processing, and delivering a fuel to the point of use in a power plant or a building.
Primary Energy
The sum of the energy consumed at a facility and the energy required to extract, convert, and transmit that energy to the facility. (same as source energy)
Site Energy
The energy directly consumed at a facility typically measured with utility meters.
Source Energy
The sum of the energy consumed at a facility and the energy required to extract, convert, and transmit that energy to the facility. The source energy for electricity from hydroelectric power, solar energy, and wind is assumed to be equal to the electricity produced at the source; however, the transmission and distribution losses are accounted for in the electricity delivered to the facility. Source energy for electricity from thermal electric power plants fueled by geothermal and biomass is determined by assuming an efficiency of 33% for electricity production.
Source Energy Factor
The unit of source energy consumed per unit of energy or fuel delivered to the facility.
Useful Thermal Output The thermal energy made available for use in any industrial or commercial process, or used in any heating or cooling application; i.e., total thermal energy made available for processes and applications other than electrical generation (EIA 2005b).
Year A period of 365 consecutive days. 
-Abbreviations
Section 4 -Background
-General
Most building energy analyses are completed with the energy measured on site. The building site energy is typically measured by the utility meters and is the total of the electrical, gas, and other energies delivered to the facility. Site energy consumption can be useful for understanding the performance of the building and the building systems, but it does not tell the whole story of the environmental impacts from resource consumption and emissions associated with the energy use. In addition, site energy is not a good comparison metric for buildings that have different mixes of energy types, buildings with on-site energy generation such as PV, or buildings with cogeneration units.
Energy analyses that use source or primary energy consumption typically use a fixed multiplier or source energy factor to estimate the source energy consumed to generate electricity based on national averages. There is usually no support or reference for the derivation of the source energy factor. For electricity production, the source energy multiplier typically varies from 3.0 to 3.33 depending on the study. This number is based on the assumption that most of the electricity was produced from thermal electric power plants. The result tells nothing of the fuel types consumed or the emissions from the electricity production.
-Electricity Generation and Distribution
The electricity grid in the continental United States is divided into three main grids that have few connections and little energy transfer between them. These grids are named the Western Interconnection, Eastern Interconnection, and Electric Reliability Council of Texas (ERCOT) Interconnection (Figure 1 ). Note that the U.S., Canadian, and Mexican grids are separate with limited connections and energy transfer. Alaska and Hawaii have a variety of small local grids. The grid interconnections are managed by NERC through 10 regional reliability councils. The energy mixtures used to generate electricity in the continental United States, the three interconnections, Alaska, and Hawaii are listed in Table 1 and shown in Figure 2 . For 2004 in the continental United States, the mix of primary energy used to generate electricity was 71% fossil fuels, 20% nuclear, 7% hydro, and 2% renewable. The "Other Fossil" fuel category includes tire-derived fuels, purchased steam, and other fuels. The question of what level of electricity generation data to use for a source energy analysis is not easy to answer. The options are national, interconnection, NERC region, NERC subregion, state, PCA, and utility. Typically, the goal of an energy analysis is to understand the impact of energy use or energy savings in a building compared to other options or to other buildings. It is often tempting to use source energy information at the utility level, which delivers the energy to the building. However, utilities are not isolated; energy is transferred around the grid where it is needed. Even between states, there is significant energy transfer; nine states in the Eastern Interconnection import more than 25% of their electricity. The District of Columbia imports more than 98% of its electricity. The source of the imported energy is difficult to account for. However, less than 1% of the energy generated and us the interconnections is transferred to an adjacent interconnection. The interconnection level for fuel and emission factors within the continental United States should be used to ensure consistent analysis. The information for Alaska and Hawaii should be used for buildings in these states. One problem with using the interconnection level is that the boundaries of the interconnections are not well defined, and determining the correct interconnection for locations near the boundaries may be difficult. For e some parts of Texas are outside of ERCOT; parts of northern and eastern Texas are in the Eastern Interconnection and parts of western Texas are in the Western Interconnection. The national fuel a emission factors should be used for cases where the interconnection is not known.
In cases where the analyzed building is within a state that has a small net imported Table 2 . These factors include the r gy source wer or is a net exporter of electricity, the state-level data can be used. The net imports and exports of electricity by state are supplied in Table B -7 (Appendix B). Source energy and emission factors fo electricity generation at the state level are listed in Tables B-9 and B-10.
Data from several sources were used to derive the energy an (These data are summarized in Table A Source energy fa transmission and distribution (T&D) losses (first row of Table 2 ). Precombustion effects, which include extraction, processing, and transportation of the fuels, are also included. The precombustion energy accounts for 5% of the national total source energy factor and almost 12% of the total source factor fo Hawaii. Energy to construct the power plants and energy infrastructures is not included as it is insignificant compared to the energy generated over the life of the facility. The Renewable Ener energy factors are calculated using the fuel consumption reported on EIA forms 906 and 920 for geothermal and renewable fuels and assuming an energy factor of one for hydro, wind, and PV po plants. The T&D losses are then added to get the source energy factor for the delivered electricity. The total emission factors (combustion plus precombustion) per delivered kWh of electricity for major pollutants in the continental United States and each major grid are shown in Tables 3 and 4 . The separate emission factors from combustion and precombustion effects for electricity generation are shown in Tables B-3 through B-6 in IP and SI units. The precombustion emissions account for about 5% of the CO 2 and 10% of the CO 2e emissions. The precombustion emissions of CH 4 are approximately two orders of magnitude greater than the combustion emissions because of the high amount of CH 4 released when coal is mined and processed.
The PM factors are for direct emissions and do not include the effect of particulate formation in the atmosphere from chemical reactions of sunlight with emissions of NO X , SO X , organic compounds, and other gases. The PM composition and emission levels are complex functions of boiler firing configuration, boiler operation, pollution control equipment, and fuel properties. The solid waste emissions consists of bottom ash, fly ash, boiler slag, and flue gas desulfurization sludge, minus the amount diverted from the waste stream and used in other products. The GWPs are based on 100-year time horizon for CO 2 , CH 4 , and N 2 O. See the definition for GWP in Section 3.1 for more information. 
-Delivered Fuel Energy and Emission Factors
The source energy factors for fuel delivered to buildings are listed in Table 5 . These factors represent the energy required to extract, process, and deliver the fuel to the building per unit of energy in the fuel assuming the heating values listed in the table. The precombustion emission factors for delivering fuels to buildings are shown in Tables 6 and 7 . These numbers are based on national averages and are derived from the Fuels and Energy Precombustion LCI data module (NREL 2005) . These emission factors do not include emissions from use of the fuel in the building, which is reported in Section 5.3. 
-Emission Factors for On-Site Combustion
The emission factors for combustion of fuels in buildings are listed in Tables 8 to 11 . Unless otherwise noted, these emission factors are based on data from GREET 1.6 (ANL 2005), which uses EPA AP-42 (EPA 2005B) and other sources. The numbers include the emissions from combustion on site; the precombustion emissions in Tables 6 and 7 are not included. No data are available for some pollutants; this does not mean that the emissions are zero or negligible. The emission factors should be calculated for these pollutants when reliable data are available.
Emissions from combustion depend on the composition of the fuel, the equipment, and the maintenance of the equipment. In general, these factors provide baseline emissions from uncontrolled combustion sources. If more detailed information is known about the fuel or the combustion equipment, it should be used. 
Appendix A -Derivation of Energy and Emission Factors
Table A-1 summarizes the data sources used in deriving the energy and emission factors. The EIA uses 34 fuel type codes for reporting electricity generation. Table A-2 shows how these fuel type codes were mapped to the 11 energy groups used in this document based on similar production and combustion effects. Table A -3 presents a summary of the steps used for calculating the source energy factors. The electricity from pumped hydro storage (HPS) is sometimes reported as a negative number and sometimes as a positive number. When it was positive, it was added to the Hydro electricity total. Negative values were divided and subtracted from the bituminous coal and nuclear totals, which are the most probable base load energy groups.
The emission factors were calculated by following the steps in Table A pumped hydro storage * The electricity from HPS was added to the hydro electricity if it was positive and subtracted from the Bit/sub/anth Coal and Nuclear electricity if it was negative.
Table A-3 Steps for Calculating Electricity Source Energy Factors
Step Description Calculate the fraction of electricity generated by energy type and region (see Table 1 ).
Calculate the combustion source energy factors by energy type and region (see Table B -1).
Assumptions: The source energy factor for hydro, wind, and solar PV is one.
6
Calculate the combustion source energy factors for a composite unit of electricity by energy type and region (see Table B -2).
Calculate the total combustion source energy factors for generated electricity by region.
Determine the precombustion source energy factors by energy type and region. The precombustion energy per quantity of fuel is from the Fuels and Energy Precombustion LCI data module (NREL 2005). Calculate the total precombustion source energy factors by region (see Table B -2).
Calculate the total fuel factors for delivered energy including the T&D losses (see Table B -2). The T&D losses (see Table 1 Table A 
-4 Steps for Calculating Emission Factors for Electricity Generation
Step Description 1 Extract the emission factors for fuel combustion in utility boilers for each pollutant and fuel type from the appropriate LCI data module. Use the CO2 emission factors for coal, natural gas, and residual fuel oil from EIA Electric Power Annual (EIA 2006b). Determine the NOx, SOx, SO2, and Hg emission factors for coal, natural gas, and residual fuel oil from eGRID 2006 version 1 (EPA 2006). Assumptions: Emission factors for combustion of residual fuel oil are used for all petroleum fuels. Emission factors for bituminous coal are used for other fossil fuels. Emissions for electricity generation from gasification of wood are used for all renewable fuels.
2
Compile the precombustion emission factors for each pollutant and fuel type from the Fuels and Energy Precombustion LCI data module. Assumptions: The emissions for petroleum products were allocated by mass between all of the petroleum refining coproducts.
3
Calculate the combustion emissions for each pollutant and region in lb pollutant/kWh generated electricity.
Calculate the precombustion emissions for each pollutant and region in lb pollutant/kWh generated electricity.
Calculate the total emissions for generated electricity for each pollutant and region.
( )
Appendix B -Additional Energy and Emission Data
The source energy factors for generating electricity for each fuel type are listed in Table B-1. These numbers are calculated from the source energy used and electricity generated as reported by the electricity generators in the EIA Forms 906 and 920 (step 5 of Table A-3). The source energy for hydro, wind, and solar are set equal to the electricity generated, which provides a source energy factor of 1.0. The source energy factors for delivered electricity are listed in Table B -2. These factors represent the components by energy type used to generated one kWh of electricity based on annual energy totals. For example, for every kWh of electricity delivered to the consumer in the United States, the first column lists all the fuel that went into that electricity based on annual totals. The numbers in table were calculated following steps in Table A -3 (the top section from step 6, the precombustion energy from steps 8 and 9, and the totals from step 10). Tables B-3 through B-6 show the emission factors per generated kWh for combustion in utility boilers and precombustion effects in IP and SI units. The emissions are based on the emissions data from the LCI data modules for each fuel type combustion in utility boilers (NREL 2005) , and on the fuel totals used for electricity generation as reported on the 2004 EIA Forms 906 and 920 (EIA 2006) . These numbers do not include the effects of losses in T&D of the electricity. Data on the electricity generation by state are shown in Tables B-7 through B-12. The state data for electricity generation and the fuel used for electricity generation are derived from 2004 EIA Forms 906 and 920 (EIA 2006) . The state level data should be used with caution, because several states import electricity from neighboring states, Canada, or Mexico, and the source energy for the imported electricity is not always known. Thirteen states (including the District of Columbia) imported more than 15% of their electricity in 2000. Table B -7 shows the net imported electricity in GWh (+ for imports and -for exports) and as a percent of the consumed electricity for net importers of electricity and as a percent of the generated electricity for net exporters of electricity. The state net import and export data are from year 2000 data reported in eGRID (EPA 2002) .
The percent of electricity generation by fuel type for each state is shown in Table B -8. The source energy factors are in Table B-9 and the emission factors are shown in Tables B-10 and B-11. The ozone season is from May to September, and the NO X emissions for this season are shown Table B -12. The ozone season NO X emissions do not include precombustion emissions because these emissions do not occur at the power plant, and we are typically only concerned about ozone formation near the power plant. These numbers are for electricity generated within the states and do not include the electricity imported into the state. 1.71E+00 1.58E+00 1.57E+00 1.67E+00 7.75E-01 2.23E+00 7.29E-01 4.26E+00 2.43E+00 1.49E+00 1.62E+00 1.91E+00 2.41E+00 CO2
1.55E+00 1.50E+00 1.48E+00 1.56E+00 6.88E-01 2.10E+00 6.76E-01 4.11E+00 2.28E+00 1.40E+00 1.54E+00 1.83E+00 2.28E+00 CH4 6.28E-03 3. 2.43E-01 1.41E+00 2.87E+00 2.23E+00 2.45E+00 1.59E+00 1.39E+00 1.82E+00 2.26E+00 1.65E+00 1.84E+00 2.37E+00 1.66E+00 CO2 2.18E-01 1.33E+00 2.71E+00 2.11E+00 2.34E+00 1.47E+00 1.30E+00 1.71E+00 2.12E+00 1.56E+00 1.74E+00 2.24E+00 1.57E+00 CH4 1.18E+00 1.00E+00 1.45E+00 1.46E+00 1.99E+00 2.62E+00 1.40E+00 1.88E-02 4.11E-01 2.03E+00 2.41E+00 2.67E+00 CO2 1.04E+00 9.57E-01 1.36E+00 1.40E+00 1.85E+00 2.51E+00 1.33E+00 1.78E-02 3.82E-01 1.92E+00 2.31E+00 2.52E+00 CH4 5. lb/kWh 4.69E-3 2.54E-3 2.73E-3 2.66E-3 4.35E-4 3.19E-3 1.41E-3 5.59E-3 3.05E-3 2.90E-3 1.69E-3 4.86E-3 4.61E-3 1.15E-4 2.03E-3 2.85E-3 8.63E-3 kg/kWh 2.13E-3 1.15E-3 1.24E-3 1.21E-3 1.97E-4 1.45E-3 6.38E-4 2.54E-3 1.39E-3 1.31E-3 7.66E-4 2.21E-3 2.09E-3 5.22E-5 9.22E-4 1.29E-3 3.92E-3 KY LA MA MD ME MI MN MO MS MT NC ND NE NH NJ NM NV lb/kWh 2.24E-3 2.38E-3 1.44E-3 2.76E-3 9.82E-4 2.82E-3 5.09E-3 2.75E-3 4.27E-3 5.59E-3 2.28E-3 5.60E-3 4.69E-3 1.74E-3 1.84E-3 4.91E-3 2.67E-3 kg/kWh 1.01E-3 1.08E-3 6.55E-4 1.25E-3 4.45E-4 1.28E-3 2.31E-3 1.25E-3 1.94E-3 2.54E-3 1.03E-3 2.54E-3 2.13E-3 7.89E-4 8.35E-4 2.23E-3 1.21E -3   NY  OH  OK  OR  PA  RI  SC  SD  TN  TX  UT  VA  VT  WA  WI  WV  WY lb/kWh 2.62E-3 2.91E-3 4.93E-4 2.07E-3 3.27E-4 2.52E-3 4.18E-3 2.07E-3 1.43E-3 4.14E-3 2.69E-3 6.83E-4 4.76E-4 3.69E-3 2.31E-3 4.63E-3 2.62E-3 kg/kWh 1.19E-3 1.32E-3 2.24E-4 9.38E-4 1.48E-4 1.14E-3 1.90E-3 9.37E-4 6.48E-4 1.88E-3 1.22E-3 3.10E-4 2.16E-4 1.67E-3 1.05E-3 2.10E-3 1.19E-3
